While plant oils are an important source of food, plants also produce oils containing specialized fatty acids with chemical and physical properties valued in industry. Ricinoleic acid, a hydroxy fatty acid (HFA) produced in the seed of castor (Ricinus communis), is of particular value, with a wide range of applications. Since castor cultivation is currently successful only in tropical climates, and because castor seed contain the toxin ricin, there are ongoing efforts to develop a temperate crop capable of HFA biosynthesis. In castor, ricinoleic acid is incorporated into triacylglycerol (TAG) which accumulates in the seed lipid droplets. Research in the model plant Arabidopsis (Arabidopsis thaliana) has successfully produced HFA constituting 30% of the total seed oil, but this is far short of the level required to engineer commercially viable crops. Strategies to increase HFA have centered on co-expression of castor TAG biosynthesis enzymes. However, since lipid droplets are the location of neutral lipid storage, manipulating droplets offers an alternative method to increase oil that contains specialized fatty acids. The Arabidopsis Seipin1 protein modulates TAG accumulation by affecting lipid droplet size. Here, we overexpress Seipin1 in a hydroxylase-expressing Arabidopsis line, increasing seed HFA by 62% and proportionally increasing total oil. Increased seed oil was concomitant with a 22% increase in single seed weight and a 69% increase in harvest weight, while seed germination rose by 45%. Because Seipin1 function is unaffected by the structure of the HFA, these results demonstrate a novel strategy that may increase accumulation of many specialized seed oils.
Introduction
Plants oils provide a major source of renewable carbon in reduced form, much of which accumulates as the storage compound triacylglycerol (TAG) in seeds. Although oils from major seed crops contain primarily 18-carbon unsaturated fatty acids (FAs), nature also provides a plethora of modified FAs which are accumulated in seeds of particular species. Many of these modified FAs have unique chemical properties and are consequently valued by industry. Examples of the most useful of these modified FAs include conjugated, epoxidated and acetylenic FAs (Aznar-Moreno and Durrett 2017). One particularly valuable class are the hydroxy fatty acids (HFAs) found in castor, physaria and other oil seeds. The HFA that constitutes 90% of the oil in the seed of castor (Ricinus communis) is used in the manufacture of plastic, nylon, resin, lubricant and biodiesel . The castor HFA, ricinoleic acid (Á12-hydroxy-9-cis-octadecanoic acid), is synthesized at the endoplasmic reticulum (ER) by 12-hydroxylation of oleic acid (18:1Á9) that is esterified to the sn-2 position of phosphatidylcholine (Bafor et al. 1991) . The gene that encodes the enzyme responsible for this synthesis in castor, fatty acid hydroxylase-12 (RcFAH12), was cloned from a castor seed endosperm cDNA library (van de Loo et al. 1995) based on its homology to FAD2, the Arabidopsis (Arabidopsis thaliana) Á12 desaturase. Once synthesized, ricinoleic acid can be incorporated into TAG by multiple acyltransferase enzymes (Burgal et al. 2008 , van Erp et al. 2011 .
Unfortunately, castor is poorly suited for large-scale agriculture in temperate climes. Not only is cultivation of castor largely limited to tropical environments, particularly India, China, Thailand and Brazil, but castor seeds contain the toxin ricin and other highly allergenic compounds (Severino et al. 2012) . One proposed solution to this quandary is to reconstitute the pathway for HFA synthesis in more agronomically suitable crops (Damude and Kinney 2008) . Early attempts to produce HFA in the model oilseed, Arabidopsis, using the strong, seedspecific napin promoter (Ezcurra et al. 1999) , resulted in lines with as much as 13% HFA Somerville 1997, Kumar et al. 2006) . Under the hypothesis that availability of the 18:1 substrate was a limiting factor, RcFAH12 was expressed in the Arabidopsis fatty acid elongase1 (fae1) mutant, which fails to elongate 18:1 to 20:1 in seeds (Kunst et al. 1992) . The level of 18:1 in fae1 seed is 33% of the total FAs, compared with 13% in the wild type, but this substantial increase in substrate increased HFA only to 17% of the total oil in seed, indicating that substrate availability is not a limiting factor (Smith et al. 2003 , Lu et al. 2006 . Strategies based on co-expression of castor isozymes of acyltransferases and other enzymes of TAG synthesis have also been employed with some success. Seeds with HFA constituting up to 30% of their total oil have been reported in Arabidopsis (Burgal et al. 2008 , van Erp et al. 2011 , Hu et al. 2012 , van Erp et al. 2015 , but no engineered plant accumulates HFA approaching the 90% ricinoleic acid content of castor oil.
Transgenic Arabidopsis expressing RcFAH12, including line CL37 that accumulates 17% HFA in the seed oil (Lu et al. 2006) , also suffer reduced oil content. Analysis of the metabolic pathways indicated that a bottleneck in the pathway from diacylglycerol through phosphatidylcholine led to inefficient incorporation of HFA into TAG . It was concluded that the accumulation of unutilized HFA during glycerolipid assembly leads to downstream post-translational inhibition of acetyl-CoA carboxylase, in turn decreasing fatty acid synthetase activity and reducing total seed oil (Bates et al. 2014) . To overcome reduced FA synthesis, the transcription factor WRINKLED1 (WRI1) was overexpressed in CL37, producing a significant increase in oil content relative to CL37 controls, as well as increasing HFA to 22% of the total seed oil, but with adverse effects on seed viability (Adhikari et al. 2016) . We hypothesized that increasing the flux of TAG into lipid droplets (LDs) might also alleviate the biochemical bottleneck and inhibition of FA synthesis, increasing the total seed oil and the amount of HFA in seeds, but without detriment to seed germination.
In nature, LDs are the subcellular organelles used for TAG storage. They are bounded by a half-unit membrane, containing phospholipids and a set of specialized proteins. Nascent LDs form at the ER membrane from lens structures in which TAG accumulates. The compositional and functional complexity of LD varies greatly throughout the kingdoms. Metazoan LDs are highly complex organelles and may include hundreds of proteins as constituents, with at least some of these droplets continuing to play an active role in lipid metabolism after they form at the ER (Yang et al. 2012) . Yeast LDs are somewhat less complex, with about 50 proteins identified, many of which are enzymes of lipid metabolism (Grillitsch et al. 2011) . In plants, many tissues contain LDs at low levels. The best studied LDs are those found in the cotyledons (and endosperm) of seeds. Proteomic analyses of seed LDs indicate that they contain 20-30 proteins (Jolivet et al. 2004 , Jolivet et al. 2009 ). The association of TAG lipases with LDs (Eastmond 2006) suggests that even these relatively simple LDs include enzymes active in lipid metabolism. While proteins related to LDs have been studied extensively in mammals (Walther and Farese 2012) , the list of plant LD-associated proteins is still growing (Pyc et al. 2017) .
One such protein which accumulates at the ER-LD junction is Seipin, first identified as a human gene associated with Berardinelli-Seip lipodystrophy (Magre et al. 2001) . Since its identification, Seipin has been shown to be present in many eukaryotes. Yeast Seipin was shown to localize at the ER-LD junctions during de novo LD formation (Szymanski et al. 2007) . In Drosophila, a loss-of-function mutation results in decreased LD size and lipid aggregation to the ER surface (Tian et al. 2011) . In Arabidopsis, three Seipin homologs have been characterized. Two of them, Seipin2 and Seipin3, increased LD number when transiently expressed in tobacco leaves, but many small LDs were produced, while expression of Seipin1 produced many large LDs (Cai et al. 2015) . Further, stable transgenic overexpression of AtSeipin1 (SEI1; At5g16460) using a constitutive viral promoter resulted in increased TAG accumulation and LD size, in both leaf tissue and seeds. These data highlight that Seipin1 is another component of a strategy for tailoring plant oils termed 'push, pull, package and protect', which entails co-expression of key enzymes in FA and TAG biosynthesis in conjunction with loci for LD biogenesis and maintenance (Vanhercke et al. 2014) . We hypothesized that overexpression of Seipin1 could be a useful strategy to alleviate the reduction in oil content caused by expression of RcFAH12 in Arabidopsis seeds. Here we describe the seed-specific overexpression of Seipin1 in plants of the hydroxylase-expressing Arabidopsis CL37 line. The SEI1 overexpression lines had a 53% increase in oil content compared with the CL37 parent. In addition, seed weight, seed yield and seed germination were all improved.
Results
Bulk seed analysis of independent SEI1 T 1 transformants Expression of RcFAH12 in Arabidopsis line CL37 reduces seed oil content by approximately one-third compared with its fae1 parent (Bates et al. 2014) . To test whether overexpression of SEI1 would increase oil levels in this HFA-accumulating line, we expressed the Arabidopsis SEI1 coding sequence (At5g16460) in CL37 plants under control of the strong, seed-specific b-conglycinin promoter (Sebastiani et al. 1990 ). After Agrobacterium transformation of CL37 and selection for BASTA resistance, 40 independent T 1 transformants together with an untransformed control were grown to maturity in a greenhouse. Three independent samples of T 2 seed from each plant were weighed and the oil content determined by preparation of fatty acid methyl esters (FAMEs) followed by gas chromatography (GC) (Fig. 1) . In this experiment, the parental CL37 line had 146 mg of total oil per mg of seed. Eight transgenic lines had statistically similar oil contents, but a large majority of SEI1-overexpressing (SEI1-OE) lines were much higher in total oil, even in these segregating T 2 seeds. Four lines exceeded 200 mg of oil per mg seed; 238 mg mg À1 seed was the highest total oil measured. When seeds of these four lines were germinated on agar plates containing BASTA, three of them showed a segregation pattern ($25% BASTA sensitive), consistent with a single insertion site for the SEI1 transgene. We selected three lines, Sei#18, Sei#36 and Sei#49, for further analysis.
SEI1 overexpression increases total oil
Thirty T 2 plants from each of the lines Sei#18, Sei#36 and Sei#49 were cultivated with the parental CL37 in a growth chamber under constant light of 120 mmol m À2 s
À1
, 22 C, with 60-70% humidity for accurate comparisons of total seed oil, which can vary considerably depending on growth conditions (Li et al. 2006) . From these plants, a sample of developing seed was taken to confirm overexpression of the coding sequence by RT-PCR ( Supplementary Fig. S1 ). A sample of the T 3 seed from each plant of the SEI1-OE lines was germinated on BASTA to identify T 2 plants that were either homozygous for the b-conglycinin:SEI1 transgene, or alternatively were isogenic, untransformed sibling segregants (Iso#18, Iso#36 and Iso#49). Under these conditions, the total oil of CL37 seed averaged 161.2 ± 5.4 mg mg À1 (Fig. 2) , and the isogenic segregants were similar, with averages of 169.7 ± 11.6, 176.7 ± 9.7 and 167.3 ± 17.1 mg mg À1 for Iso#18, Iso#36 and Iso#49, respectively. The total oil measured for homozygous SEI1-OE lines increased significantly to 262.4 ± 12.7, 247.6 ± 13.8 and 266.6 ± 31.1 mg mg À1 for Sei#18, Sei#36 and Sei#49, respectively, an average 53% increase in oil content relative to the isogenic controls and the CL37 parental line.
SEI1 overexpression equally increases both HFA and unmodified FA
The increased total oil in CL37 SEI1-OE seeds includes all FAs. To examine whether Seipin1 was specific for either unmodified FAs or HFAs (18:1-OH plus 18:2-OH), FAMEs were prepared and analyzed. In the CL37 parent, total unmodified FAs averaged 135 ± 4.8 mg mg À1 seed weight, and the isogenic segregants were similar, averaging 142 ± 9.1, 149 ± 8.0 and 138 ± 13.9 mg mg À1 for Iso#18, Iso#36 and Iso#49, respectively. In contrast, average unmodified FAs for Sei#18, Sei#36 and Sei#49 were 217 ± 9.9, 202 ± 16.0 and 218 ± 25.5 mg mg À1 seed, respectively ( Fig. 3A) , an average 1.5-fold increase in unmodified FAs over the controls. When HFAs were compared in these same lines, CL37 averaged 29 ± 1.8 mg HFA mg À1 of seed, similar to the isogenic segregants, averaging 27.6 ± 4.0, 30.5 ± 3.0 and 28.2 ± 3.3 mg mg À1 . However, the seed from homozygous lines Sei#18, Sei#36 and Sei#49 contained more HFA; 44 ± 2.6, 46 ± 2.0 and 50 ± 5.6 mg mg
À1
, respectively (Fig. 3B) , a 1.6-fold HFA increase. The corresponding increases in both HFAs and unmodified FAs indicate that Seipin1 showed no preference for particular acyl moieties. For the complete FA profile of mature seed, HFA in CL37 averaged 18.2 ± 0.7% of the total FAs (Table I) , and isogenic untransformed control lines were similar, at 17.4 ± 1.4, 17.4 ± 0.9 and 16.8 ± 0.2% for Iso#18, Iso#36 and Iso#49, respectively. The proportion of HFA in seed from homozygous transgenic plants was similar; the three lines averaged 18.3 ± 0.26% HFA ( Table 1) . While the proportion of HFA was unchanged from the parental line, the data demonstrate an important 62% increase in the amount of this modified FA.
SEI1 overexpression increases seed lipid droplet size
Overexpression of SEI1 using the Cauliflower mosaic virus (CaMV) 35S promoter has been shown to increase LD size in seeds of wild-type Arabidopsis (Cai et al. 2015) . We postulated that the increase in total oil we observed in CL37 SEI1-OE plants might be the result of increased packaging of TAG into LDs. To test this, we isolated LDs from seeds of homozygous Sei#49 plants and examined their morphology. Fat pads from fae1, CL37 and Sei#49 seed were extracted using flotation centrifugation (Chapman and Trelease 1991) , stained with the lipophilic fluorescent dye BODIPY 493/503 then examined by confocal microscopy (Fig. 4A) . Seed LDs from Sei#49 displayed a noticeable increase in the size of LDs when compared with CL37, while fae1 LDs were similar to those of CL37. To assess quantitatively the size differences between the lines, the LDs were divided into three categories, small (<1.5 mm), medium (1.5-3 mm) and large (>3 mm). Analysis of 100 LDs sampled from three independent preparations determined the proportions of each class for each line. In seed of the fae1 parent of CL37, LDs were 62 ± 4%, small, 35.3 ± 5%, medium and 3.3 ± 1.1% large (Fig. 4B) . The LDs in CL37 seed were similar to those in fae1, with 64.6 ± 4.1% small, 31.3 ± 4.1% medium and 4.6 ± 1.1% large (Fig. 4C) . Line Sei#49 exhibited much larger LDs; small were only 34 ± 5.2% of the total, while the number of medium size increased to 53.3 ± 5.0% and large droplets accounted for 12.0 ± 2.1% of the LDs, a 2.5-fold increase in the largest LD size class (Fig. 4D ). The data demonstrate that increased oil in these seed following overexpression of Seipin1 comes from increased size of LDs producing this novel FA.
SEI1 overexpression ameliorates HFA-related defects
In hydroxylase-expressing plants, the quantity of seed oil is reduced due to feedback inhibition of FA synthesis (Bates et al. 2014) . We determined the impact of SEI1 overexpression on seed phenotype by measuring the percentage oil, the seed weight and the total seed yield per plant for fae1, CL37 and CL37 SEI-OE plants (line Sei#49). Seeds of fae1 plants contained 34.9% oil in this experiment, while the oil content in seeds of the CL37 line was only 19.3 ± 0.9%. Overexpression of SEI1 produced a substantial increase in oil to 26.6 ± 3.1% of seed weight, a 38% increase relative to CL37 (Fig. 5A) . The lower oil content in CL37 compared with fae1 has also been associated with a substantial reduction in average seed weight (Adhikari et al. 2016) . Consistent with those previous results, CL37 produced seed weighing 15.4 ± 0.7 mg on average, compared with 22.1 ± 0.9 mg for fae1 (Fig. 5B) . Overexpression of SEI1 produced a 24% increase in seed weight, to 19.1 ± 0.3 mg per seed.
SEI1 overexpression increases seed germination and establishment
Seed of plants expressing RcFAH12 suffer lower rates of germination and establishment (Adhikari et al. 2016) . Since storage oil is an important energy and carbon source during germination and establishment (Theodoulou and Eastmond 2012) , we hypothesized that reduced CL37 germination could be caused by a low level of available oil. To study early development in fae1, CL37 and Sei#49, four batches of 30 seeds of each line, were sown on agar plates with and without 1% sucrose supplement. Germination was scored as positive if the cotyledons fully opened by the sixth day from sowing, and establishment scored as positive if two 1 mm true leaves emerged by 10 d after sowing (Boyes et al. 2001) . For fae1 seed, 87.7 ± 6.2% germinated without sucrose supplement and 92.7 ± 4.6% with sucrose present (Fig. 6A) . CL37 suffered by comparison; only 39.5 ± 4.7% of the hydroxylase-expressing seed germinated without sucrose, a 66% decrease compared with fae1, but with sucrose increased germination to 77 ± 4.9%. For seed of Sei#49, 57.2 ± 3.8% germinated without sucrose, a 45% increase compared with CL37. In the presence of sucrose, germination of Sei#49 seed was 88.7 ± 2.7%, similar to fae1 (Fig. 6A) . When establishment was scored, 85.0 ± 4.7% of all the fae1 seed established in the absence of sucrose and 92.0 ± 5.2% when sucrose was present, i.e. effectively all the seeds that germinated also produced two leaves (Fig. 6B) . Establishment of CL37 was 35.0 ± 4.6% without sucrose and 76.2 ± 5.5% with sucrose, again similar to its germination rate. Establishment of Sei#49 was likewise reflective of its germination, since 53.5 ± 2.6% of seedlings established in the absence of sucrose, and 87.2 ± 2.3% when sucrose was supplied. For all these lines, the proportions of plants successfully establishing were statistically similar to the values of germination; almost all the germinated seedlings established successfully (Fig. 6 ). These results demonstrate that the defect in generating new plants for plants expressing the novel HFA is at the germination rather than the establishment stage, and that overexpression of SEI1 partially alleviates this defect.
Discussion
Homologs of Seipin are found in yeast, fruit flies, mammals and plants. While the precise mode of action is not certain in any organism, in every studied case Seipin proteins are found at the junction of the ER and nascent LDs, and alteration of expression alters the size of LDs (Cartwright et al. 2015) . In human cells, Seipin promotes transfer of neutral lipids and LD proteins to the emerging LDs (Salo et al. 2016) . In yeast, the transmembrane Seipin protein (named Sei1p) forms homo-oligomers consisting of approximately nine copies of the protein in a toroidal shape (Binns et al. 2010) , suggesting that the protein participates in formation of a structure which permits TAG molecules accumulating within the ER to migrate into developing LDs.
While there are three loci in Arabidopsis which appear by protein sequence analysis to be Seipin homologs, only At5g16460, SEI1, is strongly expressed in developing seed embryos (Jeong et al. 2014 ). The three Arabidopsis Seipin proteins appear to differ in function, with Seipin2 and Seipin3 actually reducing the size of LDs when they are overexpressed in plant Sei #18 13.6 ± 0.8 5.5 ± 0.3 31.9 ± 0.9 23.7 ± 1.4 7.1 ± 0.7 14.4 ± 0.2 3.7 ± 0.1 18.1 ± 0.3 Sei #36 14.9 ± 0.7 5.5 ± 0.4 30.8 ± 1.7 23.4 ± 0.6 6.8 ± 0.2 15.1 ± 0.3 3.6 ± 0.4 18.6 ± 0.1 Sei #49 13.1 ±1.1 5.0 ± 0.4 33.7 ± 2.3 22.8 ± 0.8 7.2 ± 0.4 14.1 ± 0.5 4.1 ± 0.6 18.2 ± 0.4
Data for the parental CL37 and T 3 seed of three CL37 SEI1-OE lines (Sei) are shown. Error bars ± SD, n = 5.
cells (Cai et al. 2015) . This expansion of the Seipin gene family is not unique to Arabidopsis, since many plants have multiple Seipin loci (Cai et al. 2015) and, in at least castor and camelina (Camelina sativa), the Seipin1 ortholog is expressed strongly in seed (Supplementary Table S1 ). While the mode of Seipin action is being actively investigated, its presence at the interface of the ER and nascent LDs, and the toroidal structure it creates there, suggest that it may operate mechanistically to facilitate LD formation (Cartwright et al. 2015) . We applied overexpression of SEI1 Arabidopsis seeds as part of our efforts to increase the level of HFAs when they are produced in Arabidopsis seed oil by expression of the RcFAH12 fatty acid hydroxylase. As in other instances, expression of the hydroxylase produces the desired product in Arabidopsis seed, but the amount of HFA is not nearly as high as found in castor, so simple transgenic expression of RcFAH12 alone is unlikely to foster commercial success. Overexpression of SEI1 using the viral CaMV 35S promoter was found to increase LD size and seed oil content in wild-type Arabidopsis (Cai et al. 2015) . When we overexpressed SEI1 using the strong, seed-specific b-conglycinin promoter , analyses of T 2 seed samples indicated that the oil content was increased in most of the transgenic lines (Fig. 1) , and analysis of the T 3 seed confirmed increases of >50% compared with the isogenic segregants (Fig. 2) .
Analysis of the individual FAs found in transgenic seed indicated the perhaps surprising result that FA species showed no bias towards either HFA or unmodified FA (Fig. 3) . Indeed, no meaningful difference in relative concentration was measured for any individual FA ( Table 1) . The HFA content of hydroxylase-expressing Arabidopsis lines such as CL37 has been increased by expression of select lipid metabolism genes from castor which have co-evolved with the castor hydroxylase to use ricinoleate as a substrate for TAG synthesis. These enzymes differentially incorporated the HFA into TAG in transgenic Arabidopsis (Burgal et al. 2008 , van Erp et al. 2011 , Bayon et al. 2015 . Seipin1 has no detectable selectivity for the HFA component of TAG found in the CL37 SEI1-OE seed, a result consistent with a lack of selectivity found in other organisms (Salo et al. 2016) . If the absence of selectivity we observed extends to TAG containing other modified FAs, SEI1 overexpression may be useful in combination with other transgenes for increasing the yields of specialized, high-value oils.
The vegetative growth of Arabidopsis plants is unaffected by transgenic, seed-specific expression of RcFAH12, but the seed of these plants, including our CL37 line, exhibit undesirable traits when high levels of HFA accumulate. Low levels of total oil in the seed (Bates et al. 2014 ) are coupled with reduced seed weight and lower seed yields per plant (Adhikari et al. 2016) . Overexpression of SEI1 significantly increased seed oil content, relative to the CL37 parental line (Fig. 5A) . In addition, weight per seed and harvested seed weight per plant both increased substantially (Fig. 5B, C) . We measured increases in the numbers of medium and large LDs, from 31% to 53% for medium LD and from 4% to 12% for large LDs (Fig. 4B-D) . The mechanism of action of Seipin1 overexpression in increasing LD size appears to be the same in our experiments using the strong, seed-specific b-conglycinin promoter as previously noted using expression under control of the CaMV 35S promoter (Cai et al. 2015) .
The increased oil that we measured in CL37 SEI1-OE plants appears to be due to increased packaging of TAG into larger LDs, which provides a sink for the TAG biosynthetic pathways. Larger LDs may sequester TAG, decreasing TAG in the neutral lipid biosynthesis pool and promoting synthesis of TAG both with and without HFA incorporation. This model accounts for the equivalent increase in both unmodified FAs and HFA ( Fig. 3 ; Table 1 ). The suggestion that SEI1 overexpression acts by enhancing the sink for TAG is supported by research indicating that inefficient incorporation of HFA in hydroxylase-expressing Arabidopsis seed produced feedback inhibition, decreasing the activity of acetyl-CoA carboxylase, the first step in FA synthesis (Bates et al. 2014) . Creating a larger sink for synthesized TAG molecules by overexpressing SEI1 and increasing LD size may help reduce such inhibition, allow production of seeds containing more oil and placing Seipin1 as a packaging component within the 'push, pull, package and protect' strategy, providing an indiscriminate tool for increasing LD packaging of neutral lipids.
Low levels of total oil in the seed of CL37 are coupled with reduced seed weight and lower seed yields per plant (Bates et al. 2014 , Adhikari et al. 2016 . Overexpression of SEI1 significantly increased seed oil content, average seed weight and seed yield per plant, relative to the CL37 parental line (Fig. 5) ; in addition, the seed-specific overexpression of SEI1 had no effect on subsequent growth of the plants post-germinative development. Germination of CL37 seed is also reduced relative to fae1 (Adhikari et al. 2016 ). In our experiments, a mere 39% of CL37 seed germinated on media without sucrose, but 77% germinated when 1% sucrose was supplied (Fig. 6A) . Germination recovered significantly in line Sei#49 overexpressing SEI1, to 57% without sucrose and 88% with sucrose. Establishment was similar to germination in all lines, indicating that the principal reproductive defect is during germination. During germination, storage lipids are broken down for energy and carbon (Theodoulou and Eastmond 2012) . The reduced oil in CL37 seed probably starves emerging embryos of necessary resources, and this conclusion is supported by the observation that sucrose partially relieves failed germination in all the lines. Additional evidence is seen in the correlation between increased seed oil content and improved germination, since SEI1 overexpression recovers both the low oil and the germination defects to almost the same degree, an effect most evident in the absence of added sucrose (Figs. 5A, 6A) .
Overexpression of SEI1 increases germination, but the lines with the highest levels of oil, such as Sei#49, do not restore germination rates to those of the fae1 parent of CL37. An additional cause of poor germination may be inefficient utilization of HFA at this stage of development. We have previously shown that HFA-TAG synthesis in transgenic Arabidopsis is more efficiently catalyzed by castor isozymes, rather than the corresponding Arabidopsis isozymes (Burgal et al. 2008 , van Erp et al. 2011 . It is possible that HFA-TAG mobilization during germination and seedling establishment of RcFAH12-expressing transgenic plants is similarly slowed when catalyzed only by endogenous Arabidopsis enzymes. In fact, experiments in transgenic Arabidopsis producing polyunsaturated 20-carbon FAs that do not occur naturally in seed have demonstrated that novel FAs are poorly mobilized during seed germination, slowing TAG utilization (Shrestha et al. 2016) . Furthermore, the castor long-chain acyl-CoA synthetase 6 (RcLACS6) shows strong affinity for ricinoleic acid when assayed in vitro (He et al. 2007 ). RcLACS6 is a homolog of the Arabidopsis peroxisomal long-chain acyl-CoA synthetase 6 (LACS6) that is active in TAG mobilization during germination (Fulda et al. 2004 ). This evidence that FA-activating enzymes in the b-oxidation pathway exhibit acyl group preference supports the possibility that enzyme specificities may be a factor in germination of CL37 and CL37 SEI1-OE plants.
There is considerable economic potential in producing epoxidated (Li et al. 2010) , conjugated , hydroxylated (Adhikari et al. 2016 ) and other unusual FAs in oilseed crop plants (Napier and Graham 2010) . Expression of the genes that allow synthesis of such FAs has been somewhat successful in the model oilseed Arabidopsis, but the amounts of modified FAs are not high enough to suggest that the technology could ensure commercial success (Cahoon et al. 2006 ). In addition, reproduction and seed oil levels are often adversely affected in these plants. Transgenic expression of an epoxygenase in soybean (Glycine max) produced seeds with reduced oil levels, altered seed morphology and poor germination (Li et al. 2012) . Transgenic production of conjugated FAs in soy seeds also altered seed morphology and reduced germination (Cahoon et al. 2006) . Production of HFA in Camelina sativa reduced oil content and the seeds germinated poorly (Snapp et al. 2014 ). Our results demonstrate that SEI1 overexpression in Arabidopsis expressing the castor hydroxylase increases total oil and total HFA, while simultaneously producing partial recovery from undesirable traits caused by HFA accumulation. The apparent non-specific nature of Seipin1 makes it an attractive option for ameliorating lines whose oil content has been reduced, or whose germination is poor, due to transgenic production of novel FAs.
SEI1 overexpression in conjunction with other, previously described technologies (e.g. RcPDAT, RcDGAT2 and WRI1) may sufficiently increase the levels of modified oils, and improve agronomic characteristics, such that the combination of these technologies in a crop species will attain the commercially exploitable threshold. These data shed light on the biological nature of Seipin1 and further the objective of creating tailored oils.
Materials and Methods

Plant growth
Plants for bulk seed analysis were grown in a greenhouse. For most experiments, seeds were sterilized and dispersed on agar plates containing half-strength Murashige and Skoog nutrients (Sigma), 0.75% agar and 1% sucrose (pH 5.7), and grown under 100 mmol m -2 s À1 continuous white light at 22 C. After 12 d, plantlets were transferred to soil and grown under 120 mmol m À2 s À1 continuous white light from board-spectrum florescent lamps at 22 C with 70% humidity.
For BASTA selection of T 1 transformants, seeds were sown on soil containing fertilizer and 50 mg ml À1 BASTA (Sigma). Seeds were distributed evenly on soil and placed at 4 C for 2 d to stratify. Twelve days after transfer to growth conditions, 40 resistant plants were transplanted into individual pots and challenged with BASTA once weekly until bolting. Subsequent generations were subjected to selection on agar plates containing 15 mg ml À1 BASTA.
Individual resistant seedlings were transferred to soil after 4 C stratification and 10 d under white light.
Cloning and transformation of SEI1
The Seipin1-coding sequence (At5g16460) was amplified from the template pMDC32-SEIPIN1 (a kind donation from Dr. Kent Chapman, University of North Texas) with KOD hot-start polymerase (Novagen) and primers designed to append EcoRI and XhoI restriction sites (Supplementary Table S1 ). Isolated amplicons were cloned into ZeroBlunt D-TOPO (Invitrogen) according to the manufacturer's instructions. One clone whose sequence was confirmed was restriction digested and the EcoRI-Seipin1-XhoI fragment ligated into digested b-conglycinin_BAR (Dr. Edgar Cahoon; University of Nebraska-Lincoln). The presence and orientation of the insertion in the b-conglycinin:SEI1_BAR construct were confirmed by PCR using appropriate primers (Supplementary Table S2 ). DNA isolated from a confirmed clone was used to transform Agrobacterium tumefaciens strain GV3101, and the resulting clone was used to transform Arabidopsis line CL37 (Lu et al. 2006 ) by floral dip (Clough and Bent 1998) .
Analysis of gene expression
Young siliques were harvested between 9 and 12 d after flowering and flashfrozen in liquid nitrogen. Seeds were then extracted according to Bates et al. (2013) . Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen). Quality and quantity of RNA were determined by a Nanophotometer (Implen). Each extraction was normalized to contain 100 ng ml À1 of RNA, and cDNA was synthesized using the SuperScript III First-Strand Synthesis System (Life Technologies). Gene expression was confirmed using KOD hot-start polymerase (Novagen).
Seed oil determination
Seed oil was determined by preparation of FAMEs followed by GC. For percentage composition, seed samples of 150-200 mg were weighed and extracted by incubation in 1 ml of 2.5% (v/v) sulfuric acid in methanol for 90 min at 80 C. FAMEs were partitioned into hexane after addition of water. FAMEs were quantified by GC with flame ionization detection on a wax column (EC Wax; 30 mÂ0.53 m i.d.Â1.20 mm; Alltech) with the following parameters: 210 C for 1 min followed by a ramp to 250 C at 10 C min À1 , with a final 9 min temperature hold. Total oil was determined by calculating the ratio of oil to the 17:0 TAG standard added before derivatization and normalizing each sample to the seed sample weight.
Isolation and visualization of LDs
Isolation of LDs from Arabidopsis seed was conducted by flotation centrifugation (Chapman and Trelease 1991) . Briefly, 2 mg of fae1, CL37 or Sei#49 seeds were imbibed in 500 ml of ddH 2 O for 15 min on ice to soften the seed coat. The samples were ground in a glass homogenizer in 1 ml of sucrose/Tris-HCl buffer (500 mM sucrose in 100 ml of 1 M Tris-HCl, pH 7.5), and the homogenate transferred to 15 ml tubes followed by layering 1 ml of 1 M Tris-HCl on top. Samples were centrifuged at 10,500Âg for 60 min at 4 C and the fat pad was collected from the lysate. After staining the lysate using 4 mg ml À1 BODIPY 493/503 dissolved in 1 M Tris-HCl (pH 7.5), LDs were immediately analysed using the protocols described by Cai et al. (2015) on a Leica TCS SP5 laser scanning confocal microscope.
Seed phenotype and early development
Stocks of fae1, CL37 and Sei#49 seed were sown on plates to obtain plants for seed phenotype determination. A total of 30 plants in three equal replicates from each line were grown under the growth chamber conditions described above, arrayed side by side to minimize environmental variation. Seeds were harvested and the total harvest weight from each plant recorded. For the weight of individual seeds, a total of 500 seeds were picked in five equal blind replicates. Individual seed weight was calculated from total weight to four decimal places. The proportion of oil by dry weight was calculated using total oil and seed weight, and oil as a fraction of seed weight was calculated as oil per seed divided by seed weight. For development tests, a total of 90 seed in three equal replicates from lines fae1, CL37 and Sei#49 were sown with and without 1% sucrose. Germination was scored as positive with complete opening of cotyledons 6 d after sowing, and establishment scored 10 d post-sowing with production of two true leaves (Boyes et al. 2001) .
Statistical methodology
Statistical analysis for all data was conducted using GraphPad Prism (GraphPad Software). Analysis of germination and establishment was subjected to two-way analysis of variance (ANOVA). All other data were subjected to analysis by oneway ANOVA with post-hoc Tukey test.
Supplementary data
Supplementary data are available at PCP online. 
